Background and Aims Plants modulate defence signalling networks in response to various biotic stresses via inter-organ communications. The root-mediated transmission of systemic acquired resistance (SAR) against soilborne and air-borne plant pathogens from SAR-induced plants to neighbouring plants subjected to local chemical and pathogen treatments was evaluated.
INTRODUCTION
Plants have developed various resistance mechanisms to help them adapt to pathogen and insect attack (Green and Ryan, 1972; Agrawal, 1998; Jones and Dangl, 2006) . The plant resistance system comprises constitutive defences, which are always present, and induced defences, which are subsequently expressed in plant parts distant from the primary site of attack. Systemic protection against subsequent invasion is referred to as 'systemic acquired resistance' (SAR) (Sticher et al., 1997; Hammerschmidt, 2009) . SAR generally leads to the development of broad-spectrum and long-lasting responses against pathogens (Görlach et al., 1996; Hammerschmidt, 2009) . SAR was initially reported to be induced by incompatible plant pathogens such as fungi, viruses and bacteria (Ross, 1961; Hammerschmidt, 2009) . SAR is elicited by biological compounds, including chitins, ergosterols, glucans, lipopolysaccharides, proteins, peptides, salicylic acid (SA) and sphingolipids (Lyon, 2007) . In addition to biological compounds, chemicals such as 2,6-dichloroisonicotinic acid (INA) and benzo[1,2,3]thiadiazole-7-carbothioic acid S-methyl ester (BTH) can also trigger SAR. BTH, the first commercialized agrochemical to trigger SAR (under the trade names Bion and Actigard in Europe and the USA, respectively), is effective against a broad spectrum of diseases and insect pests, including oomycetes in wheat and tobacco (Nicotiana tabacum), and even insects in tomato (Solanum lycopersicum) (Tally et al., 1999) . BTH increases endogenous SA levels and activates SAdependent signalling pathways in plants (Gaffney et al., 1993; Anand et al., 2008; Hammerschmidt, 2009) . Reducing SA accumulation in plants through transformation with the SAdegrading gene NahG from the soil bacterium Pseudomonas putida significantly compromises their ability to combat pathogens (Delaney et al., 1994 , Molina et al., 1998 . SAR marker genes, including pathogenesis-related (PR) genes, have been identified and characterized; their induction is highly correlated with the onset of induced resistance in systemic tissues (Thomma et al., 2001) . Chemical application of SA induces strong expression of defence-related genes, such as the defence genes, PR-1, PR-2 and PR-5, which are often used as marker genes in Arabidopsis (Thomma et al., 2001) .
In addition to endogenous signal transmission, SAR can be transmitted to neighbouring plants. The well-known neighbouring SAR transmission system is an indirect form of defence involving transmission of volatile organic compounds (VOCs) and a common root-root network via fungal mycelia (Heil and Karban, 2010; Song et al., 2010) . First, following wounding by a herbivore, certain plant tissues produce VOCs such as methyl jasmonate (MeJA), which plays an important role as an alarm signal for undamaged neighbours, resulting in increased levels of toxin and repellent production or the attraction of natural enemies of the herbivore (Paré and Tumlinson, 1999; Kessler et al., 2006; Heil, 2014) . Secondly, mycorrhizal networks can transfer carbon, nitrogen and phosphorus from one plant to its neighbours (He et al., 2003; Simard et al., 2012) . By transferring defence-related signalling compounds, root-root interactions also help boost defensive enzyme activities and defence-related gene expression in neighbouring plants (Farmer and Ryan, 1990; Song et al., 2010) . However, rootmediated transmission of SAR signal has not been fully elucidated to date, while interest in root-root interactions has increased over the past several decades.
Most plant roots exude small molecular weight compounds into the rhizosphere, such as amino acids, organic acids, sugars and phenolics, as well as high molecular weight compounds such as polysaccharides and proteins (Walker et al., 2003; Bais et al., 2006) . Our knowledge of root-root interactions, however, is quite limited, as it is still difficult to identify the signalling molecules responsible for such interactions. Root-root interactions via root exudate secretion can have both negative and positive effects. Negative effects include the allelopathic mechanism present in most plant species, i.e. plants interfere with the growth of neighbouring plants by exuding phytotoxins around the rhizosphere (Bertin et al., 2003; Bais et al., 2006) . The positive effects of these interactions include the increased herbivore resistance induced in neighbouring plants through root exudates, although there are only a few examples of this phenomenon (Bais et al., 2004 (Bais et al., , 2006 Badri and Vivanco, 2009) . For instance, Elytrigia repens produces carboline for defence against aphids for both its own defence response and the defence responses of neighbouring plants, such as Hordeum vulgare (Glinwood et al., 2003) . In addition to having direct effects on herbivore behaviour, some root exudates induce defence responses in neighbouring plants that indirectly reduce herbivore populations by attracting predators and parasites of the offending herbivore. For example, Vicia faba plants under attack release root exudates that induce green leaf volatile production in undamaged V. faba plants, which in turn attract aphid parasitoids (Chamberlain et al., 2001) . Similarly, Phaseolus lunatus (lima bean) plants under attack by spider mites produce root exudates that induce VOC production in undamaged P. lunatus plants, attracting predatory mites (Guerrieri et al., 2002) .
In this study, we investigated whether SAR is transmissible through root-root transmission from a plant exhibiting SAR to its neighbouring plants. The bacterial wilt caused by Ralstonia solanacearum in roots and wildfire caused by Pseudomonas syringae pv. tabaci (Pta) on leaves were significantly attenuated in neighbouring plants of SAR-induced plants. Further study determined that SA is a major molecule involved in this SAR transmission. Tobacco rattle virus (TRV)-based virusinduced gene silencing (VIGS)-mediated knock-down of isochorismate synthase 1 (ICS1) and suppressor of G2 allele of skp1 (SGT1) in N. benthamiana plants compromised the protective effect of SAR transmission against two pathogens. The biological relevance of this phenomenon was also validated by challenging the plants with biologically SAR-inducing avirulent pathogen such as P. syringae pv. syringae (Psy) instead of BTH, which produced similar results. Our results clearly demonstrate that SAR is transmissible through root-root interactions between plants exhibiting SAR and neighbouring plants through secretion of SA from roots, thereby priming the SAR response.
MATERIALS AND METHODS

Plant preparation and treatments
Seeds of Nicotiana benthamiana were surface sterilized with 6 % sodium hypochlorite, washed four times with sterilized distilled water and sown on autoclaved soil-less potting medium (Punong, Co. Ltd, Gyeongju, South Korea) that contained zeolite, perlite, colour dust and lime (pH range from 4Á5 to 7Á5). Nutrients included in the soil-less potting medium were nitratenitrogen, ammonium-nitrogen, phosphorus, potassium, calcium, magnesium, boron, copper, iron, manganese, zinc, molybdenum, sodium and aluminium. Nicotiana benthamiana plants were cultivated in a growth chamber at 25 C under a 16 h/8 h light/dark photocycle. Each pot (60 Â 15 Â 15 cm) contained ten N. benthamiana plants. Five leaves from each of two plants (3 week old) were separately pressure infiltrated with 5 ml of 0Á33 mM BTH ("Direct" treatment) or 5 ml of sterilized distilled water (control) using a needleless syringe. To eliminate SAR transmission via volatiles, we have used an electric fan (Model no. WDF-100C; BKW Inc., Anyang, South Korea) to keep volatiles from BTH-treated plants from moving to neighbouring plants (Fig. 1A) . To block leaf-to-leaf contact between plants, the plants were grown in plastic cylinders (Fig. 1C) . Each pot (45 Â 15 Â 15 cm) contained four N. benthamiana plants at 10 cm distance. Five leaves from the first plant out of four N. benthamiana were treated with BTH as described above.
Pathogen challenge
Ralstonia solanacearum, Pta and Psy were grown on solid Casamino acid-Peptone-Glucose (CPG) and King's B medium respectively containing 100 lg mL -1 rifampicin for selection at 30 C for 2 d, scraped off the plates and re-suspended in 10 mM MgCl 2 (Roberts et al., 1988; Song et al., 2015) . A 50 mL aliquot of bacterial suspension of R. solanacearum at OD 600 ¼ 1 was freshly prepared and drenched into the root system of every N. benthamiana seedling (Chandrasekaran et al., 2016) . A 10 mL suspension of Pta (OD 600 ¼ 1) was sprayed on the leaves of N. benthamiana plants at 1 week after leaf infiltration with the chemical BTH (Figs 1 and 3) . The severity of R. solanacearum symptoms was scored from 0 to 5 as follows: 0, no leaves wilted; 1, 1-20 % of leaves wilted; 2, 21-40 % of leaves wilted; 3, 41-60 % of leaves wilted; 4, 61-80 % of leaves wilted; and 5, 81-100 % of leaves wilted (Roberts et al., 1988) . The severity of Pta symptoms was scored from 0 to 5 as follows: 0, no symptoms; 1, yellowish colour; 2, chlorosis only; 3, partial necrosis and chlorosis; 4, necrosis of the inoculated area and expanded chlorosis; and 5, complete necrosis of the inoculated area. The total number of R. solanacearum in the rhizosphere was counted at 0 and 14 d after drench application. Each whole root was collected without soil particles, placed in a flask containing 200 mL of sterilized distilled water and incubated with shaking for 30 min at 30 C. The liquid from the flask was then plated on CPG agar containing 100 lg mL -1 rifampicin. The total number of Pta in leaves was counted at 0 and 7 d after spray application. Leaf discs (1 cm diameter) had been ground in 10 mM MgCl 2 , and serial dilutions of bacterial solution were spread onto selection medium (King's B agar medium containing 100 lg mL -1 rifampicin), and incubated for 2 d in a 30 C chamber. For evaluation of biological relevance by the elicitation of SAR by Psy, 7 d after challenge with the avirulent pathogen Psy (OD 600 ¼ 0Á01 in 10 mM MgCl 2 ) inducing SAR on the first two out of ten plants similar to the previous experiment with BTH, bacterial suspensions of 10 8 colonyforming units (cfu) mL -1 Pta were sprayed onto the all leaves of two plants. This experiment had five replicates and one plant per replicate. The experiment was repeated three times with similar results.
Root exudate collection
In vitro, N. benthamiana seeds were surface sterilized and germinated as described above. Four-day-old seedlings were transferred to plates (60 Â 15 mm, SPL) containing 26 mL of 0Á5Â Murashige and Skoog liquid medium (Song et al., 2015) . Plates were placed in a plastic container (Phytohealth, 103 Â 78Á6 mm, SPL) ( Fig. 2A) . Three leaves of each 3-week-old plant were pressure-infiltrated with 0Á2 mL of 0Á33 mM BTH (BTH) or 0Á2 mL of sterilized water (control) using a needleless syringe. Root exudates were collected at 7 d after treatment, when the plants were 28 d old. For each replicate (containing two plants), 20 mL of root exudate was collected from the plates. No medium contamination was observed during the experiment. In the rhizosphere, soil was collected at 7 d after treatment as described above. Then 5 g of soil was extracted with 30 mL of methanol containing an internal standard and evaporated. An isotope-labelled standard (salicylic acid-D4) was used as an internal standard. The residues were dissolved with 70 % methanol, vortexed for 15 min and centrifuged at 15 000 rpm for 10 min at 4 C. The final supernatants were transferred to a liquid crystallography (LC) vial and injected into the LC/mass spectrometry (MS) system. This experiment had 12 replicates and one plant per replicate. The experiment was repeated three times with similar results.
Quantification of endogenous plant defence hormone levels in the root exudate
Five replicate samples per treatment were analysed to quantify SA concentrations in response to R. solanacearum in root exudates of BTH-and water-treated plants in in vitro and in planta conditions. Ultra-performance liquid chromatography (UPLC) analysis was performed using an ACQUITY V R UPLC system (Waters Corp., Milford, MA, USA) coupled to a QTOF instrument (XEVO G2XS; Waters Corp.). The chromatographic separation was carried out on an ACQUITY V R UPLC BEH C18 column (100 Â 2Á1 mm, id, 1Á7 lm) connected to an ACQUITY V R UPLC BEH C18 VanGuard TM pre-column (5 Â 2Á1 mm, id, 1Á7 lm). The mobile phases consisted of solvent A (0Á1 % formic acid) and solvent B (acetonitrile). The gradient elution mode was programmed as follow: 20-25 % B for 0Á0-5Á0 min and 25-35 % B for 5Á0-10Á0 min. The column was then washed with 95 % B for 3 min and equilibrated with 20 % B for 2 min. All samples were kept at 10 C during the analysis. The flow rate and injection volume were 0Á4 mL min -1 and 2 lL, respectively. MS analysis was conducted in the negative ion mode with electrospray ionization (ESI). The MS conditions were optimized as follows; capillary voltage, 3 kV; cone voltage, 40 V; source temperature, 130 C; desolvation temperature, 400 C; cone gas flow, 50 L h -1 ; desolvation gas flow, 900 L h -1 .
Virus-induced gene silencing (VIGS)
For VIGS, 2-week-old tobacco seedlings were infiltrated with TRV-based VIGS vectors (pTRV2) containing N. benthamiana homologues of the plant defence-related and plant defence hormone signalling genes NbSGT1 and NbICS1 or with the control vector pTRV2::00, as described previously (Anand et al., 2008; Senthil-Kumar and Mysore, 2014; Kim et al., 2016) . The Agrobacterium tumefaciens strain GV2260 containing TRV-VIGS vectors was used for VIGS experiments. Agrobacterium tumefaciens were grown at 28 C on LuriaBertani (LB) broth with appropriate antibiotics. Agrobacterium inoculation buffer (10 mM MgCl 2 , 10 mM MES pH 5Á6, 150 lM acetosyringone) was adjusted to a final OD 600 of 1Á0 (for both TRV1 and TRV2) and shaken for 4 -6 h at room temperature before infiltration. For leaf infiltration, each Agrobacterium strain containing TRV1 and TRV2 vectors was mixed in a 1:1 ratio and infiltrated into the leaves of 3-week-old plants with a needleless syringe. The infiltrated plants were monitored for approx. 14 d. This experiment had nine replicates and one plant per replicate. The experiment was repeated three times with similar results. Following inoculation with pathogen, the plants were returned to the growth chamber, and root tissue was harvested 0 and 24 h after inoculation with R. solanacearum and used for total RNA isolation. Total RNA was isolated using an RNeasy V R plus mini kit according to the manufacturer's protocol (Qiagen, USA). First-strand cDNA was synthesized using 2 lg of RNA, oligo(dT) primer, dNTP and Moloney murine leukaemia virus reverse transcriptase (M-MLV RT; Enzynomics, Daejeon, South Korea). Quantitative reverse transcription-PCR (qRT-PCR) was carried out using a Chromo4 real-time PCR system (Bio-Rad, CA, USA). The reaction mixture contained 2Â Brilliant SYBR Green qRT-PCR Supermix (Bio-Rad), cDNA and 0Á5 lM of each gene-specific primer. The expression of candidate priming genes was analysed using the following primers:
0 (NbPR2-F) and 5 0 -TGGCTAAGAGT GGAAGGT-3 0 (NbPR2-R). Relative RNA levels were calibrated and normalized relative to the level of NbACT mRNA (GenBank accession no. U60489). The sequences were amplified using the following thermocycler parameters: 10 min at 95 C, followed by 44 cycles of 30 s at 95 C, 30 s at 60 C and 42 s at 72 C.
Statistical analysis
Analysis of variance (ANOVA) for experimental data sets was performed using JMP software version 5Á0 (SAS Institute Inc., Cary, NC, USA; www.Sas.com). Significant effects of treatment were determined based on the magnitude of the Fvalue (P ¼ 0Á05). When a significant F-test was obtained, separation of means was accomplished by Fisher's protected LSD at P ¼ 0Á05.
RESULTS
Induction of systemic resistance by induced systemic resistance in neighbouring plants against an above-ground pathogen
To test the hypothesis that SAR in BTH-elicited plants could induce SAR in neighbouring plants via root transmission, we assessed the total R. solanacearum bacterial population at 0 and 14 days post-inoculation (dpi). The initial R. solanacearum population comprised 10 4 cfu mL À1 no difference in population levels between treatments was observed on day 0 (data not shown). The R. solanacearum population sizes in plants 5 and 10 cm from direct SAR-induced plants at 14 dpi were lower than those observed with water-treated plants (Fig. 1B) . Similarly, the population density in plants 15 cm from direct SAR-induced plants was not reduced relative to the watertreated control (Fig. 1B) . Nicotiana benthamiana seedlings grown inside the plastic cylinder to eliminate the possibility of leaf-to-leaf contact (Fig. 1C) showed a similar pattern to that obtained in the experiment without the plastic cylinder (Fig.  1B, D) , indicating that the signal transmission through leaf contact is unlikely to occur.
SA is a major component of SAR root-to-root
To determine the substances in root exudates that are transmitted in the root-root interaction, we developed an in vitro root exudate collection system (Song et al., 2015) . We attempted to search for the plant determinant corresponding to the root-root transmission signal. In our previous similar study, the leaf infestation of whitefly elicited SA secretion in the root system (Song et al., 2015) . Due to similar induction of SAdependent signalling between whitefly and BTH treatment, we examined SA secretion from the root after leaf infiltration with BTH and successfully detected SA in the root exudate (Song et al., 2015;  Fig. 2A, B) . To verify the accumulation of total SA in root exudates from SAR-induced plants, we measured total SA levels in root exudate samples ( Fig. 2A) . SA levels in root exudates were approx. 7Á6-fold higher in SA-induced plants than in control plants ( Fig. 2A) . We also measured total SA levels in the rhizosphere; SA levels in the rhizosphere were approx. 3Á8-fold higher in SA-induced plants than in control plants. The average SA amount was 4Á1 lg mL -1 less than that in the in vitro experiment. To validate the effectiveness of SA of which concentration was detected from root exudate ( Fig.  2A, B) , we performed drench application of 10 lg mL -1 and 100 lg mL -1 SA reduced disease severity at 10 to 18 dpi (every 2 d), respectively, compared with the controls (Fig. 2C, D) . Drench application of the positive control 0Á33 mM BTH reduced disease symptom development in N. benthamiana plants infected with R. solanacearum (Fig. 2C, D) .
Defence gene expression in neighbouring plant roots of SARinduced plants
To examine whether SAR-related defence genes in neighbouring plants were upregulated by SAR-induced plants, we measured transcript levels of SA signalling-related genes such as PR1a and PR2. Specifically, we investigated the expression of the defence-related N. benthamiana genes PR1a (NbPR1a) and NbPR2 in neighbouring plant roots after 0 and 24 h of pathogen challenge using qRT-PCR. NbPR1a transcript levels increased 20-, 14-and 12-fold from 0 to 24 hours postinoculation (hpi) in plants 5, 10 and 15 cm from SAR-induced plants, respectively, while 3Á5-, 3Á2-and 2Á8-fold increases were detected in control neighbouring plants, respectively (Fig.  3A) . NbPR2 transcript levels increased 10-fold from 0 to 24 hpi in plants 5 cm from SAR-induced plants, while a 4Á5-fold increase was detected in control neighbouring plants (Fig. 3B) . Unlike NbPR1a expression, NbPR2 expression did not differ between plants 10 and 15 cm from SAR-induced plants and the control (Fig. 3B) . In addition, in plants 20 and 25 cm from SAR-induced plants, neither NbPR1a nor NbPR2 expression was altered compared with the control (Fig. 3A, B) . Silencing the SA biosynthetic genes ICS1 and SGT1 compromised the protective effect of SAR-induced plants on neighbouring plants against R. solanacearum. To identify plant SA biosynthetic genes involved in root-mediated transmission, we used VIGS with TRV 2-vector to silence N. benthamiana NbSGT1 and NbICS1. We then infiltrated these plants with 0Á33 mM BTH. After 7 d, neighbouring plants of the SAR-induced plants were inoculated with R. solanacearum as described above. For the empty vector (pTRV2::00) controls, the R. solanacearum population was significantly lower in plants 5 and 10 cm from SAR-induced plants vs. neighbouring plants of the watertreated control (Fig. 3E) . In contrast, when NbICS1 and NbSGT1 were silenced, the R. solanacearum population sizes in neighbouring plants of SAR-induced plants were similar to those of the water-treated controls (Fig. 3C, D) .
Root-mediated transmission of SAR against above-ground pathogens
We then evaluated whether SAR-induced plants can induce resistance against above-ground pathogens in neighbouring plants using Pta (wildfire) as the pathogen. One week after initial treatments as described above, we inoculated N. benthamiana leaves with suspensions of Pta (OD 600 ¼ 1) (Fig. 4A) and assessed symptom development at 7 dpi. The number of bacterial spots was significantly reduced in plants 5, 10 and 15 cm from SAR-induced plants, with reductions of 14Á5-, 6Á8-and 4Á3-fold compared with the control, respectively (Fig. 4B) .
At 3 dpi, the bacterial population sizes in plants 5, 10 and 15 cm from SAR-induced plants was log 4Á7, 4Á9 and 5 cfu per leaf disc, respectively, while those of the control were log 6Á4, 6Á8 and 6Á3 cfu per leaf disc (Fig. 4C) . At 6 dpi, the bacterial population sizes in plants 5, 10 and 15 cm from SARinduced plants were reduced compared with the control. The differences in bacterial population sizes between neighbouring plants of BTH-and water-treated plants might be associated with the differences observed in symptom development (Fig. 4B, C) .
Root-mediated transmission of SAR biologically
To evaluate whether SAR-induced plants biologically (induced by an avirulent pathogen) can induce resistance against above-ground pathogens in neighbouring plants, we used an avirulent bacterial pathogen Psy to elicit SAR. Specifically, we infiltrated 3-week-old N. benthamiana plants with Psy, which was used as a biological elicitor of SAR (Fig. 5A) . The disease severity index was 2Á9 in plants 5 cm from Psy-treated, SAR-induced plants, 1Á3 in plants 5 cm from BTH-treated, SAR-induced plants, and 4Á6 in the untreated controls (Fig. 5B) . However, plants 10 cm from Psy-treated, SAR-induced plants did not exhibit root-mediated transmission of SAR (Fig. 5B ).
DISCUSSION
Here, we provide the first evidence of transmission of chemically and biologically elicited SAR from one plant to its neighbouring plants via root-root signal transmission. Further study demonstrated that SA's role as a root-derived signal and determinant for root-root communication was confirmed in vitro and in the soil. Our results are in agreement with previous findings that plants perceive and adaptively respond to their environment based on subtle biotic signals (Farmer and Ryan, 1990; Baldwin et al., 2006; Yi et al., 2009) .
Similarly, mycelial networks appear to transmit signalling cues to neighbouring plants through root-root interactions (Giovannetti et Previous studies demonstrated that plant communication via common mycelial networks leads to increased disease resistance in uninfected tomato plants (Song et al., 2010; Barto et al., 2012) and that allelochemicals released by marigold (Tagetes tenuifolia Millsp.) are transported through arbuscular mycorrhizal (AM) fungal networks to inhibit the growth of neighbouring plants (Barto et al., 2011; Gorzelak et al., 2015) . In addition to transmission of biological-and chemical-derived cues through root systems, abiotic stresses including osmotic stress and drought induced stomatal closure in both stressed Pisum sativum plants and their unstressed neighbours (Falik et al., 2011 (Falik et al., , 2012 . Most studies of plant-to-plant interactions via common mycelial networks did not eliminate airbornemediated SAR transmission between plants (Simard et al., 2012) . For instance, lima bean (Phaseolus lunatus) and tobacco (Nicotiana tabacum) plants release modified VOCs upon SAR induction (Shulaev et al., 1997; Yi et al., 2009) . Among the modified VOCs, nonanal and methyl salicylic acid were present in the headspace of BTH-treated and Tobacco mosaic viruschallenged plants, respectively, resulting in the reduced appearance of symptoms in the exposed neighbouring plants (Shulaev et al., 1997; Yi et al., 2009) .
To support SAR root-root signal transmission, two possible signal transmissions need to be excluded: (1) mycelial network- based signal transduction; and (2) VOC-mediated induced resistance. First, the soil and seeds were sterilized before conducting all experiments to eliminate the mycelial network-based signal transduction (Mahmood et al., 2014) . The possibility of any mycelial connection between plant roots was examined at the end of the experiment and it was confirmed that there was no fungal contamination (data not shown). Intriguingly, plants growing within 10 cm of BTH-treated plants displayed a lower population density of the root pathogen R. solanacearum (Fig.  1) suggesting that root pathogen colonization is negatively affected by specific root exudate. Alternatively, it can also affect both parasite and saprophyte leading to general effect on the rhizosphere. Secondly, to eliminate the effects of VOCs, we prevented volatiles in BTH-treated plants from moving to untreated plants by a constant flow system (Fig. 1A) . Using a digital anemometer, we also confirmed that the air flow reached the last plant at as much as 0Á1 -0Á3 m s -1 (data not shown). In addition, to block any leaf-to-leaf contact between plants, the isolated plants were grown in plastic cylinders, and root-mediated transmission of the SAR signal was examined and confirmed ( Fig. 1C, D ; Mousavi et al., 2013; Appel and Cocroft, 2014) .
We still do not fully understand why the resistance to R. solanacearum was only exhibited in plants 10 cm away from the BTH-treated plant (Fig. 1) . From measuring SA contents in the soil (Fig. 2B ) and the disease assay with different concentrations of SA (Fig. 2D) , we speculate that 10 lg mL -1 SA application was sufficient for induction of resistance against R. solanacearum ( Figs 1B and 2D) . The expression level of the SA signalling marker gene NbPR1a compared with the water control was coupled with SAR against Pta, and NbPR2 expression with that against R. solanacearum because SAR was maintained 10 cm away from BTH-treated plants against R. solanacearum and 15 cm away against Pta (Figs 1, 3 and 4) . In this system, even within 24 h, the SAR signal was transmitted at least 10 cm away that is critical to protect the plant itself against each pathogen, indicating that constant production of an SAR signal may not have occurred or initial secretion is enough to elicit SAR in the adjacent plant (Datta and Muthukrishnan, 1999) . To validate the hypothesis, the SA threshold to elicit the SAR from the root exudate in our system can be determined. Similarly, the stomata of P. sativum plants tend to close to prevent water loss under drought conditions (Falik et al., 2012) . Such closure was detected in unstressed plants within 15 min of contact between these plants and stressed P. sativum plants (Falik et al., 2012) . When the roots were lined up in order, the stomata in all plants closed within 1 h. Moreover, at 14 d after drought induction, only drought-treated plants (i.e. stressed P. sativum plants) and the neighbouring plant, which received the strongest signals, suffered weight loss compared with the control group (Falik et al., 2011 (Falik et al., , 2012 .
To identify the signalling molecules transmitted from root to root, we cultivated plants in vitro and collected root exudates Different letters indicate significant differences between treatments (P ¼ 0Á05 according to least significant difference). The experiment was repeated three times with similar results.
using a modified method that we previously designed ( Fig. 2A ; Song et al., 2015) . Due to our previous experience with identification of signal molecules from root exudate, we hypothesized that BTH treatment induces the plant to secrete large amounts of SA from roots (Badri and Vivanco, 2009; Strehmel et al., 2014; Song et al., 2015) . The measurement of SA levels in root exudates demonstrated that SA levels in BTH-treated plant root exudates were 7Á6-fold higher than those in the control group (Fig. 2B) . Further experiments supported the involvement of SA in silencing NbSGT1 and NbICS in N. benthamiana, thereby compromising SAR against R. solanacearum (Fig. 3C, D) . These findings strongly suggest that SA is a signalling compound transmitted from root to root that is involved in SAR against leaf and root pathogens. SA at 10 lg mL -1 does not have a direct antagonistic effect on R. solanacearum or other diverse pathogens (data not shown), indicating that it represents SA only involved in SAR (Rivas-San Vicente and Plasencia, 2011) We also examined whether root-root SAR transmission occurs in response to Psy (a biological SAR elicitor in the natural environment) ( Fig. 5A ; Casarrubias-Castillo et al., 2014) . Like BTH-treated plants, Psy-challenged plants also transmitted SAR to neighbouring plants (Fig. 5) . However, unlike BTHtreated plants, such transmission only occurred to plants located 5 cm away from the SAR-induced plants (vs. 10 cm for BTHtreated plants). It is possible that resistance genes are less strongly induced by the avirulent pathogen during the process of SAR transmission (Cameron et al., 1994; Kohler et al., 2002) .
In conclusion, we first demonstrated that SAR is transmissible through the root system from SAR-triggered plants to neighbouring plants against R. solanacearum and P. syringae pv. tabaci. SA as a major signal molecule involved in SAR transmission in root exudates was validated by silencing of SA biosynthesis gene and transcriptional expression of SAdependent PR genes. Our results suggest new evidence that dynamic signal transduction occurred through root systems in addition to the mycelial network and VOC-mediated plant resistance elicitation against plant pathogens.
